The complete genomic sequence of lytic bacteriophage gh-1 infecting Pseudomonas putida—evidence for close relationship to the T7 group  by Kovalyova, Irina V & Kropinski, Andrew M
The complete genomic sequence of lytic bacteriophage gh-1 infecting
Pseudomonas putida—evidence for close relationship to the T7 group
Irina V. Kovalyova1 and Andrew M. Kropinski*
Department of Microbiology and Immunology, Queen’s University, Kingston, Ontario, K7L 3N6 Canada
Received 10 May 2002; returned to author for revision 7 January 2003; accepted 14 January 2003
Abstract
The genome of the lytic Pseudomonas putida bacteriophage gh-1 is linear double-stranded DNA containing 37,359 bp with 216-bp direct
terminal repeats. Like other members of the T7 group, the gh-1 genome contains regions of high homology to T7 interspersed with
nonhomologous regions that contain small open reading frames of unknown function. The genome shares 31 genes in common with other
members of the T7 group, including RNA polymerase, and an additional 12 unique putative genes. A major difference between gh-1 and
other members of this group is the absence of any open reading frames between the left direct terminal repeat and gene 1. Sequence analysis
of the gh-1 genome also revealed the presence of 10 putative phage promoters with a consensus sequence similar to the promoters of T3
and YeO3-12 (consensus: TAAAAACCCTCACTRTGGCHSCM). P. putida mutants resistant to gh-1 were demonstrated to have an
altered lipopolysaccharide structure, indicating that members of this group use lipopolysaccharide as their cellular receptor.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
The T7-like group of viruses of the family Podoviridae
includes at least 19 members, most of them infectious for
various members of the Enterobacteriaceae. The exceptions
possibly include several Pseudomonas phages (gh-1,
Pssy9220, PLS27, and PLS743), Vibrio phage III, Rhi-
zobium phage S, and Caulobacter phage Cd1 (Pajunen,
2002; Hausmann, 1988). The highly efficient lytic life cycle
of this group of phages is characterized by an early appear-
ance of a single-subunit, rifampicin-resistant, phage RNA
polymerase that recognizes phage-specific promoters.
Bacteriophage gh-1 was originally isolated in 1966 from
sewage using Pseudomonas putida as the host (Lee and
Boezi, 1966). It was demonstrated to encode a high molec-
ular weight rifampicin-resistant RNA polymerase (RNAP2)
that transcribed from one strand only (Jolly, 1979). In ad-
dition, the temporal appearance of gh-1 proteins was shown
to be very similar to that of coliphage T7 (Korsten et al.,
1979). As a result, gh-1 was tentatively assigned to the T7
group.
Earlier attempts at phylogenetic and taxonomic classifica-
tion of tailed bacteriophages were based on similarities in
phage morphology and host range (Adams, 1959), their ability
to recombine, and similar cross-hydridization patterns with
their DNA (Botstein, 1980; Casjens et al., 1992; Campbell,
1994). In recent years complete sequencing of phage genomes
and their detailed comparative analysis has led to classifica-
tions based on conservation of gene arrangement and nucleo-
tide sequence identity (Lucchini et al., 1999; Bru¨ssow and
Desiere, 2001). While conserved genomic patterns exist be-
tween phages within specific groups, it has been suggested that
a large common genetic pool is present in nature from which
different phages are able to partake. Phages are thus deemed to
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be genetic mosaics (Hendrix et al., 1999). While this hypoth-
esis seems to hold true for most of the sequenced temperate
double-stranded (ds) DNA tailed phages, it would appear that
lytic phages, particularly those that have a unique, well-orga-
nized replication strategy and induce a massive degradation of
host DNA show a lower incidence of horizontal gene transfer.
We believe that some groups of lytic phages, especially
those with rapid and efficient life cycles such as the T7
group, would have a lower opportunity for recombination
and exchange of functional modules, and would tend to
evolve largely by speciation, genetic adaption, and accumu-
lation of point mutations. Indeed, the recently completed
genomic sequences of two members of the T7 group, Yer-
sinia enterocolitica phage YeO3-12 (Pajunen et al., 2001)
and coliphage T3 (Pajunen et al., 2002) showed close rela-
tionships to the genome of T7 (Dunn and Studier, 1983).
We report here the complete sequence of the first non-
enterobacterial phage member of this group of viruses and
show that its genome is very similar to the genomes of the




The genome of gh-1 is linear dsDNA with 37,359 bp and
includes direct terminal repeats (DTRs) of 216 bp. It is the
smallest of the sequenced phages of the T7 group: T7
(39,937 bp), T3 (38,208 bp), and YeO3-12 (39,600 bp).
The overall genomic guanine plus cytosine (GC) content is
57.4%, a value considerably higher than in the other mem-
bers of this group (48–51%) but less than that of its host
bacterium, about 65%. This may result in codon usage
problems for gh-1 in P. putida. The codon usage of gh-1 and
other members of the T7 group, compared to their respec-
tive hosts, are discussed below.
Genomic organization and analysis
The temporal and functional distribution of gh-1 genes is
very similar to that of the other members of the T7 group
(Fig. 1 and Table 1). The genes of gh-1 are closely packed,
transcribed from one strand only, and are highly homolo-
gous to the other phage genes of the T7 group. They are
interspersed with small intergenic regions that contain small
and probably nonessential open reading frames (ORFs), or
regulatory signals.
The genome of gh-1 is flanked by the DTRs, 216 bps in
length, that have 53.3% nucleotide identity with the T3,
52% with YeO3-12, and 46.6% with T7 terminal repeats.
Since terminal repeat sequences at the ends of DNA mole-
cules in the T7 group of phages are responsible for the
replication, maturation, and packaging of genomes, the sim-
ilarity of the terminal repeats of gh-1 suggest the presence
of comparable mechanisms.
The left terminal repeat is followed by sequence containing
Fig. 1. Genomic maps of T7 and gh-1. Filled dark blue arrows indicate genes common to the two phages, while white arrows represent genes unique
to one phage downstream from gene 1. The genes indicated in red in T7 are missing in gh-1. Light blue arrows indicate proteins that are expressed
in T7 as the result of frame shifting, while genes in green have internal ribosome-binding sites. Brown boxes at the ends of the genomic map lines
represent the direct terminal redundant repeats. The early host RNA polymerase promoters are indicated by horizontal red lines with arrowheads and
are lettered A1–A3, while the phage RNA polymerase specific promoters are indicated by pink lines with arrowheads just above the genomic map line.
Filled black spheres below the genomic map line mark the position of putative RNase III cleavage sites, whereas filled green spheres above the map
line indicate -independent terminators.
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two host RNAP promoters that are used in the transcription of
the early phage genes, the first one being the essential phage
RNAP. gh-1 RNAP, in a manner analogous to the RNAPs
previously well described in other members of the T7 group,
probably moves along the phage genome, recognizes specific
promoters, and efficiently transcribes intermediate (replication
and metabolism) and late (morphogenesis) genes.
We identified 31 common genes (50% average amino
acid identity with T3; 47% with T7; 41% with YeO3-12)
and an additional 12 unique putative genes. T7 nomencla-
ture was used for assigning gene names in gh-1 while
putative ORFs were numbered in order starting from the left
end of the genome. The initiation codon for 39 of the 43
potential genes is AUG. Almost all of the predicted genes
have a strong ribosome-binding site (RBS). Indeed, gh-1
shows the highest frequency of consensus RBS sequence
Table 1
Putative genes of gh-1 and their protein homologies to the T7 group and other bacteriophages




1 1058 3715 57.5 CGAGACG 886/100.4/6.53 T7_Groupa RNA polymerase 57.2–58.5
1.1 3729 3866 57.3 AAGGAAT 46/5.4/10.9 T7_Group gene 1.1 protein 28.9–31.9
orf1 3863 4135 56.8 AGGAGTG 91/10.5/5.5
orf2 4135 4521 60.7 GAAGGAG 129/13.9/6.0
1.3 4533 5597 58.1 TAAGGAG 355/40.5/5.0 T7_Group DNA ligase 39.7–39.9
orf3A 5790 6692 59.1 AGGAGGT 301/34.2/6.5 Bacteriophage C31 gp52
(putative deoxynucleotide monophosphate kinase)
(NP_047943.1)
19.7
orf3B 6045 6692 59.6 AGGAGGT 216/24.7/4.8 C31 gp52 25.6
2 6689 6856 54.8 CAAGGAG 56/6.5/4.9 T7 inhibitor of host RNA polymerase (gp2) 35.4
orf4 6853 7218 57.3 AGAGGTG 122/13.9/8.2
2.5 7272 7973 58.8 AAGGAGA 234/25.7/4.75 T7_Group ssDNA-binding protein 47.7–50.8
3 7973 8416 55.0 CGGGCGA 148/16.8/9.5 T7_Group endonuclease 58.6–62.1
3.5 8419 8859 57.1 AGGAGGT 147/16.3/9.4 T7_Group gene 3.5 protein 52.0–53.3
orf5 8929 9483 57.0 AGGAGGA 185/20.4/4.6
3.8 9470 9835 57.1 GGGAGGT 122/13.7/10.8 T7 gene 3.8 protein YeO3–12 gene 1.45 protein 48.0–28.7
4 9844 11532 57.4 AGGAGGT 563/62.3/5.5 T7_Group DNA primase/helicase 56.0–57.0
orf6 11551 11754 58.8 AAGGAGA 68/7.5/10.7
orf7 11818 12327 58.6 AGGAGAT 170/19.2/9.0
5 12338 14467 58.1 AGGAGGG 710/79.8/7.2 T7_Group DNA polymerase 54.3–55.8
orf8 14478 14861 57.6 AGGAGAA 128/14.2/5.6
5.7 14854 15063 59.5 CAACGGT 70/7.5/9.5 T7_Group gene 5.7 protein 47.8–49.3
6 15060 16004 57.8 TGGAGGT 315/35.4/5.15 T7_Group exonuclease 35.8–37.0
6.5 16073 16315 54.7 TGGAGGG 81/8.8/4.2 T7_Group gene 6.5 protein 39.5–42.4
6.7 16318 16590 56.4 AGGAGGA 91/9.5/9.0 T7_Group gene 6.7 protein 30.5–31.9
7 16587 17030 55.4 AGAAGGT 148/16.8/5.25 T7 gene 7 protein 19.9
7.3 17002 17304 59.7 AGGAGAA 101/9.9/9.6 T7_Group gene 7.3 protein 47.3–51.8
8 17319 18950 57.7 AGGAGGT 544/59.2/4.6 T7_Group head-tail connector protein 67.5–68.0
9 19019 19894 59.1 AAGGAGA 292/31.5/4.3 T7_Group capsid assembly protein 45.5–48.1
10 19994 21037 58.8 AAGGAGA 348/36.8/6.7 T7_Group major capsid protein 72.0–73.7
11 21101 21688 56.3 AGGAGGA 196/21.8/4.2 T7_Group tail tubular protein A 62.2–65.3
12 21698 24124 57.7 AGGAGGG 809/88.9/5.96 T7_Group tail tubular protein B 54.9–55.6
13 24184 24618 54.5 TGAGGGT 145/16.2/8.3 T7_Group internal virion protein A 28.9–29.3
14 24629 25210 59.8 AGGAGGT 194/20/9.3 T7_Group internal virion protein B 33.8–35.5
15 25210 27426 58.4 AGGAGGT 739/81.8/5.2 T7_Group internal virion protein C 32.4–32.9
16 27439 31617 58.7 AGGAGGT 1393/152/6.1 T7_Group internal virion protein D 39.9–41.7
17 31680 33536 57.4 AAGGAGA 619/65.1/7.9 T7_Group tail fiber protein 31.7–35.1
orf9 33575 33934 54.7 TGGAGGT 120/13.6/4.2
17.5 33934 34149 56.0 AAGGCGA 72/7.5/4.9 T7_Group gene 17.5 protein 36.1–40.3
18 34146 34403 59.3 AGGAGCA 86/9.6/4.5 T7_Group maturation protein A 46.1–51.1
18.5 34403 34852 57.1 CGGAGTG 150/15.8/8.8 T7_Group gene 18.5 protein 29.7–32.0
18.7 34554 34805 58.7 TGGAGGT 85/9/9.8 T7_Group gene 18.7 protein 28.0–36.6
19 34852 36600 57.0 AGGAGGT 583/64.8/5.3 T7_Group maturation protein B 60.9–61.8
orf10 36603 36680 46.2 TGGAGGT 26/2.9/8.8
orf11 36779 36952 59.2 AGGAGGT 58/5.9/8.6
a The designation T7_Group indicates that gh-1 homologs are found in T3, T7, and Ye03–12.
b Nucleotide positions corresponding to the first nucleotide of the initiation codon and the last nucleotide of the termination codon. All starting codons are
ATG except in genes 7, 8 and 18.7 (GTG), and orf10 (CTG).
c Where non-T7 phage homologs were found, the GenBank accession number is given in brackets.
d Pairwise identities were determined using ALIGN at the Genestream (http://www2.igh.cnrs.fr/bin/align-guess.cgi) using default parameters.
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(GGAGGT) among phages of the T7 group (15 occurrenc-
es). An exception is the unexpectedly weak RBS for gene 1,
CGAGACG.
The most striking difference between gh-1 and other
members of the T7 group is the absence of any ORFs
between the left DTR and gene 1. T7, T3, and YeO3-12
carry five genes in this early region of which only two
proteins, the product of gene 0.3 (gp0.3) and gp0.7, have
been assigned biological functions. Gene 0.3 in T7 encodes
an antirestriction protein that has been recently demon-
strated to efficiently inhibit in vivo all known families of
type I restriction endonucleases (Walkinshaw et al., 2002).
The absence of a gp0.3 homolog in gh-1 is an interesting
observation and requires further investigation, since we
found a 9.2-kb region in the unpublished P. putida KT2440
genome sequence (http://www.ncbi.nlm.nih.gov/cgi-bin/
Entrez/genom_table_cgi) encoding three genes, orfM
(130,394 Da), orfR (137,491 Da), and orfS (75,544 Da),
showing homology to the EcoEI type Ib restriction endo-
nuclease system. The latter enzyme recognizes seven sites
in gh-1 DNA.
Shut-off of the host RNAP in T7 is brought about by the
action of the gp0.7, a protein kinase, a homolog of which is
absent in gh-1, and by gp2 (Hesselbach and Nakada, 1977),
a weak homolog of which is present in gh-1. Preliminary
experiments with gh-1 gene 2 protein indicate that it inhibits
the action of P. aeruginosa but not E. coli RNAP (Nechaev,
S., Severinov, K., personal communication).
A unique feature of gh-1 are orfs 3A and 3B, which share
sequence weak identity with gp52 of temperate phage C31
infecting Streptomyces sp. Translation of orf3B may result
from an in-frame start within orf3A. Phage C31 gp52 has
been suggested to play a role in nucleotide metabolism
(Smith et al., 1999).
Gene 5.5 is one of the most highly expressed genes
during T7 infection and has been implicated in binding to
and inhibiting the nucleoid protein H-NS of E. coli (Liu and
Richardson, 1993). Homologs of both 5.3 and 5.5 genes are
absent in gh-1. A BlastP search for homologs to the E. coli
H-NS protein against the completed genomes of P. aerugi-
nosa, Pseudomonas fluorescens, and P. putida was negative.
In addition, a search of the P. aeruginosa genome data-
base (http://www.pseudomonas.com/GenomeSearchU.asp),
revealed an HU but no H-NS homolog.
The highly conserved genes involved in morphogenesis
and lysis (genes 8 to 19), are all present in gh-1 with one
additional gene (orf9) located between genes 17 and 17.5.
Finally, homologs to the small nonessential genes 19.2,
19.3, and 19.5 (Kim and Chung, 1996) that are found in all
three genomes of the T7 group are absent in gh-1. Two
small putative ORFs 10 and 11 are positioned between gene
19 and the right DTR.
The GC content values of gh-1 genes are presented in
Table 1. Several genes including 2, 3, 6.5, 13, orf9, and
particularly orf10, were found to have lower GC content
values than the average gh-1 genomic GC. When the GC
content values of these genes were compared to their coun-
terparts in YeO3-12 (Pajunen et al., 2001) we noted that,
with the exception of gene 2, all these genes also had a
lower GC content in YeO3-12.
Frameshifting sites
In phage T7 translation,1 frameshifting within gene 10
yields protein 10B (Dunn and Studier, 1983). Protein 10B is
incorporated into the T7 capsid; and its existence was con-
firmed by gel electrophoresis (Condron et al., 1991). How-
ever, T7 capsids devoid of 10B, in cases where frameshift-
ing in 10A did not occur, were as stable as the wild-type
capsids (Condron et al., 1991). No plausible frameshifting
signatures analogous to those in T7 and T3 (i.e., U UUU
AAC) were identified in gh-1. Sodium dodecyl sulfate–
polyacrylamide gel electrophoresis (SDS-PAGE) compara-
tive analysis of the structural proteins of gh-1 and T7 re-
vealed that a 10B protein was not present in gh-1 (Fig. 2).
An analysis of the results of gel electrophoresis (Table 2)
revealed that there was an acceptable level of correlation
between the predicted and calculated masses suggesting that
extensive processing had not occurred before gh-1 assem-
bly. Both T7 and gh-1 preparations contained a significant
number of additional protein bands. Whether these are con-
taminating host proteins or processed phage proteins will
require further proteomic analysis.
Transcriptional features
Host promoters
Based upon in silico analysis, two potential host 70-like
promoters were identified in the early region of gh-1 ge-
nome (Table 3). These show good sequence conservation to
the proteobacterial consensus sequences at the 35 (TT-
GACA) and 10 (TATAAT) positions (Missiakas and
Fig. 2. Sodium dodecyl sulfate–polyarylamide gel electrophoresis of phage
structural proteins from CsCl equilibrium gradient-purified phage particles
stained with silver. Left lane, T7 with the position of capsid protein 10B
indicated; middle lane, gh-1 structural proteins; and, right lane, protein
weight marker (Fermentas).
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Raina, 1998). Preliminary Northern analysis of gh-1 tran-
scription revealed that both of these promoters are func-
tional in vivo (data not shown).
Phage promoters
Phage promoter sequences of the T7 group are of par-
ticular interest because of their specificity to the phage-
encoded RNAP as well as their robust performance. In T7,
RNAP promoter sequences were shown to consist of a
23-bp consensus sequence that extended from 17 to 6,
with a 7 to 3 core that was identical in other phages of
the T7 group, and a 12 to 8 region that was responsible
for specific promoter recognition and binding (Imburgio et
al., 2000). Positions 14, 7, 6, 4, and 3 were in-
variant among all 47 natural phage RNAP promoter se-
quences studied (Imburgio et al., 2000).
Based upon homology to T3 promoters and their inter-
genic position, we identified eight potential gh-1 phage
promoters. In addition, two sequences found within genes
6.5 and 10 were included since they displayed a high degree
of sequence similarity (Table 3), being essentially identical
in sequence from 17 to 2. As in all other members of
this group, invariant positions 7, 6, 4 are conserved in
putative gh-1 promoters. The major difference between
gh-1 and the remainder of the T7 group is the presence of an
a rather than a T in position 14, and A or G at 3. Since
all of the gh-1 promoter sequences are found in genomic
positions analogous to the other members of the T7 group
(Fig. 1), it suggests that the regulation of phage mRNA
synthesis is also well conserved within the group.
Recent X-ray structural analysis of T7 RNAP in complex
with its promoter indicates that specific recognition of the
Table 2
Predicted molecular weight of structural proteins in gh-1 and their actual
weights determined from the SDS-PAGEa
gh-1 genes for
structural proteins












16 152 Not clear
17 65.1 63
a SDS-PAGE, sodium dodecyl sulfate–polyacrylamide gel electrophore-
sis; MW, molecular weight.
b Average of three separate determinations.
Table 3
Predicted promoter sequences of gh-1
Promoter Start End Prior to gene Putative promoter sequence
P putida RNAP (70)a
35 10 1
A1 390 434 1 GTTTACAACCATCGAGGATCAGTGTCTAATGGCTCCCATCAACGG
A2 597 641 1 GCTTGACAAGATGATGGAACGCTGTAGAATGGCCACCATCAACAA
Phage promotersb 14 7 1 6
1 939 963 1 TAAAAACCCTCACTGTGGCTGCA origin
orf3A 5739 5763 orf3A TAAAAACCCTCACTTTGGCTGCA class II
2.5 7216 7240 2.5 TAAAAACCCTCACTGTGGCTGCA class II
5 8857 8881 orf5 TAAAAACCCTCACTGTGGCTCAC class II
6.5 16002 16026 6.5 TAAAAACCCTCACTATGGCCATA class III
9 18947 18971 9 TTAAAACCCTCACTATGGCTGCA class III
10 19905 19929 10 TAAAAACCCTCACTATGGCTGCA class III
13 24146 24170 13 CAAAAACCCTCACTATGGCACCC class III
17 31615 31639 17 TAAAACCCCTCACTATGGCACCC class III
orf10 36634 36658 orf10 TAAAAACCCTCACTATGGCCCAG class III
gh-1 Consensus: TAAAAACCCTCACTRTGGCHSCM
Consensus sequences of other phage promoters of the T7 group:







a Putative 10 and 35 regions are underlined and conserved nucleotides in the consensus 35 (TTGACA) and 10 (TATAAT) boxes are italicized.
RNA start chain nucleotides are in boldface.
b Putative phage promoters presented in boldface occur within genes.
c Consensus sequence from Pajunen et al., 2001.
d Consensus sequences from Imburgio et al., 2000.
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T7 promoter involves interaction between nucleotides in the
7 to 11 region and the amino acids residues 739–770 of
the phage RNAP, and amino acid residues 93–101 contact
the T7 phage promoters in the 17 to 13 region
(Cheetham and Steitz, 1999, 2000). These amino acids are
well conserved among other members of the T7 group, but
vary more dramatically in gh-1 (Fig. 3).
Transcription termination sites
Three -independent transcriptional termination sites
were identified in the genome of gh-1 by using bioinfor-
matic tools (Table 4). Two of the terminators, TEarly and
TLate1, are located at the equivalent positions to their re-
spective counterparts in T7, T3, and YeO3-12 (Fig. 1).
The last, TLate2, is located downstream of gene 16. In the
case of T3, T7, and YeO3-12, a 13-bp stem-loop structure
with calculated Gs of 18.5 to 18.8 kcal are found
between genes 16 and 17. Downstream are regions of 13
(YeO3-12) or 17 (T3, T7) bp that are 54–59% U. Whether
these potential transcriptional pause sites act as rho-inde-
pendent terminators is not known. Preliminary gh-1 tran-
scriptional analysis suggests that this terminator functions in
vivo (results not shown).
RNase III cleavage sites
T7 mRNA transcripts are cleaved at specific sites by the
host RNase III enzyme during phage infection, yielding a
large set of early, intermediate, and late transcripts. In T7
this processing of mRNA precursors sometimes leads to
enhancement of gene expression (Dunn and Studier, 1983).
Analysis of T3 and YeO3-12 genomes identified 10
highly conserved putative RNase III cleavage sites at equiv-
alent positions to the RNase III sites in T7 (Pajunen et al.,
2001, 2002). By restricting their position to intergenic re-
gions we have identified 10 potential RNase III cleavage
sites (assignments were based on conservations of dsRNA
site recognition and cleavage points as well as stable stem-
loop structures as revealed by Gs) in the gh-1 genome, six
Fig. 3. CLUSTALW alignment of the amino-acids of the T7 group of phage RNA polymerases (RNAPs) that are involved in promoter recognition and binding.
Residues that are responsible for specific recognition and binding to the T7-like promoters (739–770) and those that make additional contact with the T7-like
promoter sequences (93–101) are enclosed in boxes. K11 denotes RNAP amino acid sequence from the K. pneumoniae T7-like phage K11. Note the strong
conservation of specific recognition and binding regions in phage RNAPs of this group infecting enteric hosts and the substantial divergence in gh-1’s sequence.
Table 4
Predicted -independent terminator and RNase III cleavage sites in gh-1a






TEarly 5605–5636 21.7 AGCCUCAUCGAC UUCG GUCGGUGGGGCUUUUU
TLate1 21049–21082 20.1 ACCCCUUGAGGCC CUUAC GGCUUUGAGGGGUUUU
TLate2 31642–31669 15.8 CGGCUCAC UUCG GUGGGCCAUUUUUUUA
RNase III
cleavage sites
R1 845–893 13.0 GGUCUUGUGUGAGCCAAGCC GUACA
CGCAA
GGAGUUUAUCUACAAGAUC
R2 5684–5732 15.2 GUCGUUUGGAACCUGCUCUGG AUCG CUGCUGUUUAUAGGUUCCGAUGAC
R3 8866–8913 22.9 UCACUGUGGCUCACAUGGA UUCGU UCCGUGUGGGCCUCUUUGCGUUGA
R4 11746–11793 25.3 GUGAAGUAACUCAAGGGGUCCU UUCG GGGACCCUUUCGGUUAACUCAC
R5 16018–16067 21.8 GGCCAUAGGGGACC GUUA GGUUAUCUCUGUGGCCUUUUCGUUUA
AUGGAG
R6 18956–19000 20.5 UCACUAUGGCUGCAUGGAG ACU UCUCUGUGCGGCCUUCUUUCUGA
R7 19921–19953 25.9 GGCUGCAUGAGAGUUCUUUGGG AUGA CCCCAAGGACUCCGUGUGCC
R8b 24127–24187 22.8 GUGACCAAGUGGGGGUAUGAGG GCCUCAAA
AAGUUU
CCCUCACUAUGGCACCCCUUUAUGA
R9 33530–33577 16.9 CGUAUAACUCAACAGGCCC UUCG GGGCCUUCUUUAUGGAGGUCUUAUG
R10 37000–37064 28.7 AGGCUUAACGUUUCCCUAACUGGUCUCC AUA GGAUGCCCUUUAGGGUAUCGUUAGGUCU
a Paired nucleotides within stem-loop are underlined; boldface nucleotides indicate possible RNase III cleavage sites based on homologies to the T7 RNase
III cleavage sites.
b Two consecutive stem-loops.
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of which were found in analogous positions to the RNase III
sites in T7, T3, and YeO3-12 (Table 4). All of the pre-
dicted RNase III cleavage site sequences in gh-1 differ
somewhat from these sites (CUUUAU2G) in T7.
Codon usage in T7, T3, YeO3-12, and gh-1
Since the overall GC content of gh-1 is 57.4% we would
expect that the ORFs would have a higher frequency of G or C
residues in the codon wobble positions than ORFs from the
lower GC-containing phages. Classic examples of these are
Cys, Thr, and Ile in which gh-1 and its host, P. putida (65%
GC), preferentially use guanylate or cytidylate-containing
codons to make the same amino acids (Table 5). In the case of
T3, T7, and YeO3-12 the preferred codons for Phe, Tyr, His,
Lys, Asp, and Asn contain a C or G in the 3 position, which
may suggest that the common ancestor of this group of phages
came from a host containing a high GC content.
Host receptor for gh-1
Phages adsorb to their hosts through interaction with a
wide variety of outer membrane components as well as pili
and flagella. Lipopolysaccharide (LPS) was demonstrated to
act as phage receptor for T3 and T7 (Weidel, 1958), and
recently the O-antigen of the Y. enterocolitica serotype O:3
was shown to be a receptor for YeO3-12 (Al-Hendy et al.,
1991, 1992).
To investigate LPS involvement in gh-1 adsorption to the
P. putida cell surface, we isolated 60 P. putida phage-
resistant mutants and analyzed their LPS structures by ac-
riflavine agglutination (Kropinski and Chadwick, 1976),
and SDS-PAGE (Hitchcock and Brown, 1983). All of the
mutants agglutinated readily in acriflavine, and lacked the
characteristic ladder pattern of the O-antigen, confirming
that gh-1, like other members of this phage group, requires
the presence of an intact O-antigen of its host for a success-
ful infection (data not shown).
Tail fiber proteins are usually involved in phage recog-
nition of and binding to a specific cellular receptor (Scholl
et al., 2001). In T7, six kinked tail fibers, each comprised of
a trimer of gp17, contain two distinct domains. The N-
terminal domain, which directly interacts with the assem-
bled head-tail complex shows considerable sequence con-
servation among members of this group, while the
C-terminal domain, which is involved in specific recogni-
tion of a given cellular receptor (Steven et al., 1988), shows
considerable variation in amino acid sequence. This plas-
ticity in the C-terminal sequence of the tail fiber proteins
effectively enables tailed phages to explore potentially di-
verse cellular structures and initiate crossovers to phyloge-
netically distant new hosts. In the case of gh-1, the first 163
amino acids of the tail fiber protein showed overall 59.5%
identity, while in the carboxyl-terminus only 22 identically
placed residues exist. Tail tubular proteins gp11 and gp12,
through which gp17 interacts with the head-tail complex,
are also highly conserved within the T7 group, suggesting
conservation of similar protein-protein interactions near the
top of the tail.
Conclusion and evolutionary implications
Analysis of the sequence of many phage genomes reveals
the truth in Hendrix’s assertion that phages recombinationally
partake from a large common genetic pool nature, and thus
accurate phylogenic and taxonomic analysis may be impossi-
ble to achieve since these viruses are essentially genetic “mo-
saics” (Lawrence et al., 2002; Hendrix et al., 1999). While this
hypothesis holds true for most of the sequenced temperate
double-stranded phages we argue that horizontal gene transfer
as a viral evolutionary mechanism may not be as universal as
these authors propose. The high degree of homology between
the essential genes of gh-1 and other members of the T7 group,
and the strikingly similar overall genomic layouts in these
phages, unequivocally confirm that they belong to the same
lineage. The presence of an appropriately positioned gene
encoding a 100-kDa phage-encoded RNAP confirms the find-
ings of Jolly (1979), and the presence of regions displaying
high sequence similarity to T3 promoters points to the conser-
vation of the fundamental “signature” of the T7 group’s effec-
tive replication strategy. Korsten et al. (1979) suggested pre-
viously that such a complex and unique infection strategy
evolved only once and that other phages following the same
strategy are phylogenetic relatives of T7 that evolved different
host specificities.
In his recent article “On the evolution of cells,” Carl
Woese proposed the concept of a “Darwinian Threshold,” a
point when an organism in effect becomes a “species” and
as a consequence is more resistant to horizontal modular
exchange (Woese, 2002). We propose that the T7 group of
viruses may be an example of an ancient species that has
crossed this Darwinian Threshold. The extent of horizontal
genetic exchange in this group of phages appears to be
severely limited, as indicated by a strong conservation of
essential genes and their layout. Evolution of this group of
viruses most likely proceeds through an initial acquisition of
a host range mutation and is followed by the genetic “ad-
justment” to the cellular environment of the new host.
We would further argue that cyanophage P60 (Chen and
Lu, 2002), marine Roseobacter phage SIO1 (Rohwer et al.,
2000), and Pseudomonas aeruginosa phage PaP3 (GenBank
genome accession no. NC_004466) are a separate clade in the
Podoviridae family and should not be considered to be imme-
diate members of the T7 family. While some of their proteins
show sequence similarity to proteins encoded by the T7 sensu
strictu group, their genomic and functional organization does
not reveal the coherent structure that is present in the other
members of the T7 group, but rather consist of scrambled
functional modules. Even though the P60 RNAP shows weak
sequence similarity to the T7 RNAP, its protein sequence is
actually more closely related to various mitochondrial RNAPs
than to the RNAPs of the T7 group.
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Table 5
Codon usage of phages T7, T3, YeO3-12, gh-1, and their respective hostsa
Codon AA T7 T3 E. coli YeO3-12 Y. enterocolitica gh-1 P. putida
UUU F 30 30 57 26 64 7 24
UUC F 70 70 43 74 36 93 76
UCU S 30 28 15 26 18 19 6
UCC S 21 21 15 20 10 27 17
UCA S 15 15 12 15 19 3 6
UCG S 7 8 15 8 10 26 24
AGU S 15 13 15 14 22 7 10
AGC S 11 16 28 16 21 17 36
UAU Y 38 38 57 38 70 22 32
UAC Y 62 62 43 62 30 78 68
UGU C 52 46 44 49 55 20 24
UGC C 48 54 56 51 45 80 76
UUA L 15 11 13 11 22 1 2
UUG L 12 14 13 15 19 6 15
CUU L 20 17 10 14 13 10 8
CUC L 13 16 10 15 9 32 14
CUA L 13 10 4 10 7 2 3
CUG L 27 32 50 35 30 49 57
CCU P 45 36 16 34 27 32 14
CCC P 5 6 12 8 17 15 21
CCA P 27 22 19 21 26 25 16
CCG P 23 36 53 38 31 28 49
CAU H 32 31 57 31 67 20 36
CAC H 68 69 43 69 33 80 64
CAA Q 46 40 35 36 50 41 25
CAG Q 54 60 65 64 50 59 75
CGU R 40 41 38 40 31 39 21
CGC R 25 30 40 27 30 34 50
CGA R 14 12 6 13 10 10 7
CGG R 5 4 10 7 13 11 15
AGA R 10 8 4 7 10 3 3
AGG R 6 5 2 5 6 2 4
AUU I 47 45 51 48 50 18 23
AUC I 44 45 42 45 30 82 71
AUA I 9 10 7 7 20 1 6
ACU T 35 33 17 30 26 18 12
ACC T 33 36 43 36 34 61 59
ACA T 18 15 13 18 21 6 9
ACG T 14 16 27 16 19 15 20
AAU N 27 26 45 26 63 11 27
AAC N 73 74 55 74 37 89 73
AAA K 34 32 76 30 71 14 31
AAG K 66 68 24 70 29 86 69
GUU V 31 29 26 30 31 18 14
GUC V 19 19 22 18 20 39 30
GUA V 27 24 15 20 18 7 11
GUG V 24 29 37 31 30 37 45
GCU A 49 43 16 36 25 35 13
GCC A 16 16 27 19 26 35 48
GCA A 19 21 21 23 24 13 13
GCG A 16 20 36 23 25 17 26
GAU D 39 40 63 42 69 27 35
GAC D 61 60 27 58 31 73 65
GAA E 41 39 69 39 63 31 47
GAG E 59 61 31 61 37 69 53
GGU G 52 50 34 47 33 37 23
GGC G 20 21 40 25 31 42 57
GGA G 16 16 11 15 14 6 6
GGG G 12 13 15 13 22 15 14
a Codon usage in phage ORFs was obtained by using DNAMAN, while data on coding regions in E. coli (4290 CDSs), Y. enterocolitica (422 CDSs), and
P. putida (1029 CDSs) were generated by the Codon Usage Database (http://www.kazusa.or.jp/codon/). Codons for M and W (singular codons) as well as
stop codons are not included. The numbers represent percentages. Especially pronounced changes in codon usages between gh-1 and other members of the
T7 group are in boldface.
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Materials and methods
Bacteria, bacteriophage, and media
Bacteriophage gh-1 and its host, P. putida HER353
(ATCC12633), were obtained from Hans Ackermann (Uni-
versite´ Laval, Quebec, Canada). TOP10 cells [genotype, F
mcrA  (mrr-hsdRMS-mrcBC) 80lacZM15 lacX74
deoR recA1 araD139 (ara-leu) 7697 galU galK rpsL (Strr)
endA1 nupG] (Invitrogen Canada Inc.) were used for re-
combinant DNA techniques. Bacteria were grown in Difo
Luria-Bertani broth (LB; Fisher Scientific, Toronto, On-
tario, Canada) or on LBA plates (LB with 1.5% [wt/vol]
agar). For phage titrations, 3-ml LB overlays containing
0.6% (wt/vol) agar were used. The titers of the phage lysates
were determined by using the agar overlay technique (Ad-
ams, 1959).
Phage purification
P. putida was grown overnight in 25 ml of LB, subcultured
in 2 L of LB, and incubated at 30°C with shaking. When the
optical density of the culture at 600 nm reached 0.63, gh-1
lysate (1010 pfu/ml) was added to a multiplicity of infection
of 5. After allowing the lysis to occur overnight, the lysate was
treated with 10 ml of chloroform and left shaking at 30°C for
about 10 min. DNase I (Boehringer Mannheim, Laval, Que-
bec, Canada) and RNase I (1 g/ml each) were added to the
phage lysate for 30 min at room temperature. The phage were
separated from the cell debris by centrifugation at 10, 000 g
for 15 min at 4°C. The phage particles were precipitated with
10% (wt/vol) polyethylene glycol 8000 (BDH Chemicals, To-
ronto, Ontario, Canada) (Yamamoto et al., 1970), and the
virions were subsequently purified by cesuim chloride
(CsCl) step and equilibration gradient centrifugations as
previously described (Sambrook and Russell, 2001).
DNA extraction and purification
The purified phage preparation was dialysed in a 10 K
Slide-A-Lyzer cassette (Pierce, USA) against 10 mM Tris-0.1
mM EDTA (pH 8.0) (TE) buffer to remove CsCl. Proteinase K
(Boehringer Mannheim, Laval, Quebec, Canada) and SDS
were added to 50 g/ml and 0.5% (wt/vol), respectively, and
the mixture was incubated at 56°C for 1 h. After sequential
extractions with phenol-chloroform-isopropanol mixture (25:
24:1 [vol/vol/vol]; Fisher Scientific, Toronto, Ontario, Cana-
da), and chloroform phage DNA was precipitated with ethanol.
The concentration of the isolated DNA was determined spec-
trophotometrically (Sambrook and Russell, 2001).
Phage DNA cloning
We used three strategies to obtain the complete genome
sequence of gh-1. Sonicated phage DNA fragments were
end-repaired, using a combination of T4 DNA polymerase
and Klenow DNA polymerase, prior to ligation into an
appropriate blunt-ended cloning vector. We also optimized
partial digestions by using two frequent blunt cutters of
gh-1, RsaI and AluI, to generate random DNA fragments.
All sonicated and digested gh-1 genomic fragment sizes
were selected (1–4 kbp) by electrophoresis through a 0.6%
agarose gel with 0.5  TBE buffer (0.045 M Tris-borate,
0.001 M EDTA, pH 8.0) and 0.5 g/ml of ethidium bro-
mide, and subsequently excised and recovered using the
Supelco GelElute Kit (Sigma-Aldrich, Canada Ltd,
Oakville, Ontario, Canada). The recovered fragments were
ligated into SmaI-digested cloning vector pUC18 (Amer-
sham Biosciences Canada Inc., Baie d’Urfe´, Quebec, Can-
ada) and electroporated into TOP10 cells with a Bio-Rad
gene pulser. The cells were recovered in SOC medium
(Sambrook and Russell, 2001) and after incubation for 1 h
at 37°C, aliquots were plated onto an LB-Amp containing
X-gal and 5-bromo-4-chloro-3-indolyl--D-galactopyrano-
side (Xgal) isopropyl--D-thiogalactopyranoside (IPTG).
Selected recombinant clones were grown overnight in
LB or Terrific Broth (TB) (Difco) containing ampicillin.
Plasmid DNA was isolated by a modification of the alkaline
lysis technique (Sambrook and Russell, 2001), screened for
the presence of inserts by digestion with appropriate restric-
tion endonucleases, and submitted to Cortec DNA Sequenc-
ing Laboratories (http://www.cortec.queensu.ca/) for analy-
sis. Gap closure was achieved by directly sequencing off the
phage DNA.
DNA sequencing and analysis
The sequence data were stripped of poor quality data and
assembled into contigs using SeqManII (DNASTAR Inc.,
USA) and DNAMAN (Lynnon BioSoft, Vaudreuil, Quebec,
Canada). The sequence was scanned by using the FindORF
feature of SeqEd (DNASTAR) for potential genes as well as
manually examined for ORFs starting with alternative ini-
tiation codons. The presence of recognizable ribosomal
binding sites along with the similarity of the putative ORFs
to the database phage sequences were taken into consideration
when assigning potential ORFs. In addition, ORFs were ana-
lyzed by using the ORF finder at the National Center for
Biotechnology Information (http://www.ncbi.nlm.nih.gov/
gorf/gorf.html) and WebGeneMark.HMM (Lukashin and
Borodovsky, 1998) (http://opal.biology.gatech.edu/Gen-
eMark/). Proteins translated in the ORF finder and EditSeq
were analyzed for homologs by using standard protein-
protein BLASTP (Altschul et al., 1990), PSI- and PHI-
BLAST (Altschul et al., 1997), and “Search for short nearly
exact matches” BLAST programs against the
nonredundant GenBank protein database (http://www.
ncbi.nlm.nih.gov/BLAST/). If no homologies were iden-
tified by BLAST searches, pairwise comparisons using
CLUSTALW (Thompson et al., 1994) (http://www.ebi.
ac.uk/clustalw/) or ALIGN programs (http://www2.igh.
cnrs.fr/bin/align-guess.cgi) were ran between ORFs of
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unknown function and proteins of the T7 group. The
molecular masses and isoelectric points of the gh-1 trans-
lated putative proteins were determined by using Edit-
Seq. The ALIGN program was employed to calculate
percent identity between identified phage homologs.
Putative 70-like promoter sequences were determined
by visually scanning the gh-1 genomic sequence for con-
sensus boxes 35 (TTGACA) and 10 (TATAAT) allow-
ing some variability in spacer lengths and 50% ambiguity.
In addition, the Neutral Network Promoter Prediction
program (http://www.fruitfly.org/seq_tools/promoter.html)
with the minimum promoter score 0.9 was used. Phage
promoters were assigned by manually scanning gh-1 com-
plete sequence for invariable nucleotides in the T7 group
phage promoter sequences (Imburgio et al., 2000).
Potential transcriptional terminators and RNase III cleav-
age sites were assessed by using programs Terminator,
Stemloop, and Mfold in the GCG suite (Genetics Computer
Group, Madison, WI) as well as manually scanning the gh-1
complete sequence for characteristic signatures.
Isolation of gh-1 resistant P. putida mutants and analysis
A sample (0.1 ml) of an overnight culture of P. putida
HER353 and 0.1 ml of 1010 pfu/ml of gh-1 was spread on
LBA plates and incubated overnight at 30°C. Spontaneous
phage-resistant P. putida colonies were analyzed by acri-
flavine agglutination (Kropinski and Chadwick, 1976).
LPS was extracted from these mutants according to the
previously published protocol (Hitchcock and Brown, 1983)
except that pyronin Y was substituted for bromophenol blue in
the lysis buffer, and analyzed by SDS-PAGE. The latter were
silver-stained as previously described (Tsai et al., 1983).
Nucleotide sequence accession number
The complete genomic sequence of bacteriophage gh-1
has been deposited in GenBank (accession no. AF493143).
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